In structural analysis and design, it is essential to define the material properties associated with the targeted structural systems. When harsh environmental or operational conditions are of primary concern, the mechanical properties of materials must be quantified by considering the effects of the conditions. As testing is only a method to quantify the material properties, numerous test databases have been developed in the literature -some of which are limited to specific conditions and others that are based on old materials that are no longer in use. Modern materialmanufacturing technologies have greatly advanced the material properties featured in old test databases, and today's structural systems are often exposed to the harsher environmental and operational conditions associated with their functional requirements. Thus, test databases for these volatile material properties should be continuously developed to meet such requirements. The aim of the present study is to develop a new test database on the mechanical properties of materials for marine applications, such as mild steel, high-tensile steel, aluminium alloy 5083-O and stainless steel 304L, focusing on the effects of cold temperatures and strain rates. Discussion of the new test database refers to extant test databases where available. Moreover, test coefficients that may be useful in the existing constitutive equations for the materials are suggested and the details of the test database are documented.
Introduction
Ships and offshore structures are typically subjected to dynamic or impact loads while in service. In some cases, they are also exposed to low temperatures in association with Arctic operations or the cryogenic conditions created by liquefied natural gas cargo and its unintended leaks. The mechanical 2 properties of structure materials are significantly affected by loading speed (strain rate) and temperature, among other factors. The strain rate is defined as a relevant ratio of the loading speed to structural displacement measured between two reference points, i.e.,
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, where  = strain and t = time.
There are typically three major differences between static/quasi-static and dynamic/impact loading cases (Paik and Thayamballi 2003) . First, the stress field differs because tensile stresses can occur even under compressive far-field loading, and stress concentrations can happen even without notches in an impact loading situation. Second, the structural response under impact loading varies as a function of the strain rate. These first and second aspects always interact. The third difference occurs with the failure strain. Materials in an impact loading condition tend to become brittle, decreasing the failure strain, even though they are predominantly ductile under static or quasi-static loading conditions. This occurs when the energy absorption capability by ductile yielding decreases at high strain rates subsequent to the increase of yield strength itself. In low temperatures, materials also tend to become less ductile or even brittle, and thus a special treatment during the material manufacturing process together with the relevant chemical composition is required to prevent brittle fracture in materials intended for use in low temperatures.
In structural design, it is of obvious importance to select suitable materials. As such, the structural analyst and designer must develop a comprehensive understanding of the mechanical properties of the materials used in target structural systems (Paik and Thayamballi 2003; Paik and Melchers 2008; Hughes and Paik 2013) . The mechanical properties of metals depend on many factors, such as their composition, heat-treatment and thickness (the grain size of thinner rolled steel plating tends to be smaller), along with the effects of temperature and strain rate for databases that show these effects, see, for example, Brockenbrough (1991) , and Paik and Thayamballi (2003) .
The nominal values of the mechanical properties in conjunction with the minimum requirements specified by design rules are provided by materials manufacturers, but these values are not necessarily relevant enough for the structural analysis and design. Although the mechanical properties of such materials can only be characterised through testing, a large test database has been developed from laboratory tests in the literature (Manjoine 1944; Cowper and Symonds 1957; Bodner and Symonds 1962; Symonds 1967; Forrestal and Sagartz 1978; Nicholas 1981; KSNA 1983; Campbell and Cooper 1966; Toyosada et al. 1987; Brockenbrough 1991; Paik and Chung 1999; Itabashi and Kawata 2000; Paik and Thayamballi 2003; Hsu and Jones 2004; Paik and Thayamballi 2007; Kundu and Chakraborti 2010; Cadoni et al. 2012; Choung et al. 2013 ).
The test database in the literature covers different temperature and loading speed conditions for different types of materials. However, most of them have been obtained for specific conditions associated with the special purposes of their studies. Moreover, some of the old test databases are not relevant for use today because they were obtained for very old materials that are no longer in use. Given the significant advancements in modern material-manufacturing technologies, and because today's structural systems are often exposed to harsher environmental and operational conditions, it is important to realise that the on-going mechanical property characterisation of modern materials must consider the effects of extreme and accidental conditions.
Another challenge is associated with material modelling techniques that use the so-called constitutive equations, including some coefficients (Ramberg and Osgood 1943; Cowper and Symonds 1957; Johnson and Cook 1983; Mazzolani 1985; Jones 2012) 
Characterisation of the Material Properties
It is important to clearly define the characteristics of material properties (Paik and Thayamballi 2003) .
Typically, the mechanical properties of materials are characterised by testing pre-designated specimens under monotonic tensile loading. Figure 1 shows the typical engineering stress-engineering strain curves for structural metals, which are obtained using monotonic tensile coupon tests. The material properties can then be characterised using the following parameters: Beyond the yield stress or strain, the metal flows plastically without appreciable changes in stress until the strain-hardening strain h  is reached. The slope of the stress-strain curve in the strain-hardening regime is defined as the strain-hardening tangent modulus h E , which may not be constant, but rather dependent on different conditions. After the ultimate tensile stress is reached, necking takes place with the necking tangent modulus n E until the test specimen is totally broken into two parts at the fracture strain F  . The mechanical properties of materials in a quasi-static loading condition at room temperature are relatively well characterised, but continuous efforts are required for different loading speed and temperature conditions.
Test-setup
Test specimen
The test specimens are cut out of the parent plate sheet in the rolling direction that are the most recent materials procured in Korea. Dynamic modes of loading depend on the strain rate, among other environmental or operational factors (Jones 2012) . Table 1 indicates a typical classification of the loading characteristics, depending on the strain rate (Hayashi and Tanaka 1988; Paik and Thayamballi 2003) . Table 1 To measure the gauge length deformation during testing, an extensometer is attached in each specimen.
To ensure the reliability of the test results, all of the tests are performed three times on the same test condition. During dynamic or impact testing, it is well noted that the specimens inevitably experience an acceleration region right after dynamic or impact loading, and a stress wave is created that propagates through the test frame toward the specimen. This wave is referred to as the incident wave, and upon reaching the specimen it splits into two smaller waves. The first wave, called the transmitted wave, travels through the specimen and into the transmitted test frame, causing plastic deformation in the specimen.
The second wave, called the reflected wave, is reflected away from the specimen and travels back down the incident test frame (Hopkinson 1914; Kolsky 1949; Paik 2014). 6 To avoid this phenomenon, the test specimens are designed as shown in Figures 4 and 5. As a result, the test specimen is unsymmetrical having an extra-long grip section on one hand with regard to the portion embedding the extensometer unlike that in the quasi-static loading condition, and the dynamic or impact tensile force is then applied to the longer side of the test specimen (Larour et al. 2007; Huh et al. 2008 ). In fact, the Hopkinson bar technique is a well-known method to examine the effect of strain rates, but the present study used the same test machine with the loading actuator in a consistent way not only for a quasi-static loading condition but also the dynamic and even the impact loading conditions.
Quasi-static loading machine
For testing in a quasi-static loading condition, a Universal Testing Machine (UTM) with a load cell capacity of 1,000 kN is used. The loading speed of the actuator is kept at 0.05 mm/s under the displacement control. Figure 6 shows the tensile test set-up for quasi-static testing. 
Dynamic loading machine
For testing in a dynamic loading condition, a dynamic loading actuator with a capacity of 500 kN is used. The loading speed can be varied in the range of 5 to 100 mm/s. Figure 7 shows the test setup for dynamic loading. The test set-up for the dynamic loading condition is the same to the quasi-static loading condition. 
Impact loading machine
For testing in an impact loading condition, a dynamic loading actuator with a capacity of 100 kN is used. The loading speed can be up to 1,000 mm/s. Figure 8 shows the test setup for impact loading. The test set-up for the impact loading condition is the same to the quasi-static loading condition. 
Low temperature control chamber
For the temperature control, an environmental chamber system using liquid nitrogen (LN2) is attached to the test facilities. The environmental chamber is automatically controlled by inputting the target temperature value. For practical temperature measurement, three thermocouples (T-type) are used to monitor the surface temperature of the test specimen each second, from the beginning of the test to its end. When the specimen reaches the target temperature, a soaking time of about 10 minutes is applied to allow the low temperature to permeate the specimen and secure accurate test results, as shown in Figure   9 . The temperature is varied from room temperature (RT) to the cryogenic condition, and it is confirmed that the target low temperature can remain constant within an error of 3°C during the test. and strain rate. For mild and high-tensile steel, fracture or total breaking takes place at the stress similar to the yield strength, but it occurs at the stress several times higher than the yield strength for aluminum alloy and stainless steel. The necking regime relative to the work hardening regime is shortened as the temperature decreases. With increase in the strain rate, the necking regime is also shortened. 
Test Results and Discussion
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Test Coefficients of the Cowper-Symonds Equation
The dynamic yield strength of each material can be expressed as follows (Jones 2012) . 
where C and q are coefficients to be determined based on the test database. Jones (2012) gives some recent constants for the Cowper-Symonds equation (Cowper and Symonds 1957) for different types of materials.
Both crushing effects and yield strength increase with the loading speed while any fracture or tearing of steel (and the welded regions) in a structure tends to occur earlier. The following approximate formula, which is the inverse of the Cowper-Symonds constitutive equation for the dynamic yield stress, is then useful for estimating the dynamic fracture strain as a function of the strain rate (Paik and Thayamballi 2003; Jones 2012) .
where F  and Fd  are the static or dynamic fracture strains, respectively, and  is the ratio of the total energies to rupture for dynamic and static uniaxial loadings. (2) and (3), as determined by a best-fit technique.
Development of the Material Database Software
This section describes the development of the Mechanical Property Database Management System (MPDAS) software, which can predict material properties based on the test database. The input parameters are material type, grade type, strain rate, thickness and temperature as shown in Figure 10 .
Various types of materials -mild steel, high-tensile steel (H32 and H36), stainless steel (304, 304L, 316L), aluminium alloy, nickel alloy and five grades (A, B, D, E and F) of carbon steel -are considered under a range of low temperatures and strain rates. The output parameters are the stress-strain curves and yield stress, ultimate tensile stress and fracture strain. Figure 10 illustrates the input data definition of the MPDAS software.
The software is developed based on the MATLAB code by taking advantage of the multi-dimensional matrix. Figure 11 shows the concept of the MPDAS. Material card is the most significant group. Each parameter consists of a number of spaces. Although the existing test database occupies the spaces, empty spaces are also reserved for the new test database to provide updates. To generate the stress-strain curves of materials unavailable in the database, the software conducts inter-or extra-polations as shown in Figure 12 . Figure 13 presents applied examples of the MPDAS software. The user can predict the mechanical properties for both engineering and actual stress-strain curves. 
Concluding Remarks
The aim of the present study was to develop a new test database of materials for marine applications with the focus on low temperatures and strain rates. The details of the materials' stress-strain curves were documented.
The obtained test database of materials used for ships and offshore structures was analysed to characterise the material properties in the form of graphs. The Cowper-Symonds equation was considered to quantify the effects of strain rates and low temperatures on the dynamic yield strength and fracture strain, together with the existing test database where available. Work hardening and necking behaviour were also documented. The MPDAS software was developed to define the material properties directly from the test database.
Clearly, the results of the structural analysis will be totally wrong if the material properties are not correctly defined. This is of greater significance when structural systems involve highly nonlinear behaviour in association with extreme and accidental conditions. It is important to realise that inadequate definition of the material properties is a primary cause of the uncertainties involved in structural designs.
It is thus highly encouraged to continue to develop the new test database of materials covering a greater variety of environmental and operational conditions. It is planned that the test database will be updated with new test results as they become available. 
Appendix: Details of the Test Results
A.1 Mild steel Grade A
A.3 High-tensile steel AH 32
Figure A.20. Engineering stress-engineering strain curves for high-tensile steel AH32 at room temperature. 
A.4 High-tensile steel DH 32
Figure A.29. Engineering stress-engineering strain curves for high-tensile steel DH 32 at room temperature. 
A.6 Aluminum alloy 5083
Figure A.47. Engineering stress-engineering strain curves for aluminum alloy 5083 at room temperature. 
